AP, Bodine SC. Altered gene expression patterns in muscle ring finger 1 null mice during denervation-and dexamethasone-induced muscle atrophy. Physiol Genomics 45: 1168 -1185, 2013. First published October 15, 2013; doi:10.1152/physiolgenomics.00022.2013.-Muscle atrophy can result from inactivity or unloading on one hand or the induction of a catabolic state on the other. Muscle-specific ring finger 1 (MuRF1), a member of the tripartite motif family of E3 ubiquitin ligases, is an essential mediator of multiple conditions inducing muscle atrophy. While most studies have focused on the role of MuRF1 in protein degradation, the protein may have other roles in regulating skeletal muscle mass and metabolism. We therefore systematically evaluated the effect of MuRF1 on gene expression during denervation and dexamethasone-induced atrophy. We find that the lack of MuRF1 leads to few differences in control animals, but there were several significant differences in specific sets of genes upon denervation-and dexamethasone-induced atrophy. For example, during denervation, MuRF1 knockout mice showed delayed repression of metabolic and structural genes and blunted induction of genes associated with the neuromuscular junction. In the latter case, this pattern correlates with blunted HDAC4 and myogenin upregulation. Lack of MuRF1 caused fewer changes in the dexamethasone-induced atrophy program, but certain genes involved in fat metabolism and intracellular signaling were affected. Our results demonstrate a new role for MuRF1 in influencing gene expression in two important models of muscle atrophy. denervation; glucocorticoid; microarray; skeletal muscle; gene expression TWO E3 UBIQUITIN LIGASE-ENCODING genes, muscle-specific ring finger 1 (MuRF1) and MAFbx (or atrogin-1), are upregulated in multiple skeletal muscle atrophy models, downregulated in hypertrophy, and when deleted in mice result in muscle sparing in certain atrophy-inducing conditions (4, 5, 32). The discovery of a link between these genes and muscle atrophy a decade ago led to intensive research into the roles that the encoded proteins play in atrophy and their potential downstream targets. We have focused mostly on MuRF1 since a null deletion of MuRF1, but not MAFbx spares muscle mass in both the denervation (DEN)-and dexamethasone (DEX)-induced atrophy models (4, 5). Furthermore, while MAFbx knockout (KO) mice show greater sparing of mass than MuRF1 KO mice after DEN, MAFbx KO mice show increased fiber necrosis and degeneration over time (18). Thus, MuRF1 expression is critical for induction of atrophy under multiple conditions and preventing its activity spares both muscle mass and function.
TWO E3 UBIQUITIN LIGASE-ENCODING genes, muscle-specific ring finger 1 (MuRF1) and MAFbx (or atrogin-1), are upregulated in multiple skeletal muscle atrophy models, downregulated in hypertrophy, and when deleted in mice result in muscle sparing in certain atrophy-inducing conditions (4, 5, 32) . The discovery of a link between these genes and muscle atrophy a decade ago led to intensive research into the roles that the encoded proteins play in atrophy and their potential downstream targets. We have focused mostly on MuRF1 since a null deletion of MuRF1, but not MAFbx spares muscle mass in both the denervation (DEN)-and dexamethasone (DEX)-induced atrophy models (4, 5) . Furthermore, while MAFbx knockout (KO) mice show greater sparing of mass than MuRF1 KO mice after DEN, MAFbx KO mice show increased fiber necrosis and degeneration over time (18) . Thus, MuRF1 expression is critical for induction of atrophy under multiple conditions and preventing its activity spares both muscle mass and function.
Most of the work on the function of MuRF1 has focused on its role in mediating protein degradation via the ubiquitin proteasome system (UPS). For example, MuRF1 has been proposed to target myosin heavy chain (MHC) and other thick filament proteins for polyubiquitination and degradation by the 26S proteasome (9, 10, 25) . While the UPS remains a focus of current research in the field, there may be important additional roles for MuRF1 in control of muscle mass and function in response to various hormonal challenges or with changes in neuromuscular activity. For example, reductions in protein synthesis due to DEX treatment (4) or amino acid deprivation (29) are reduced in MuRF1 KO mice. Furthermore, skeletal muscle-and cardiac-specific overexpression of MuRF1 in vivo affects the expression and activity of specific metabolic enzymes (23) without obvious effects on skeletal muscle mass or cardiac muscle protein ubiquitination and contractile protein levels (62) . Whether these changes are due to MuRF1 targeting proteins involved in protein synthesis or metabolism for degradation by the UPS or by another mechanism altogether is not known; regardless, the view that MuRF1 is strictly involved in degradation of structural proteins by the UPS is beginning to be re-evaluated.
In the course of studying MuRF1 function in DEN-and DEX-induced atrophy, we observed that FOXO1 expression was inhibited in DEX-treated MuRF1 KO mice (4) , and MAFbx expression was prolonged in denervated muscles of MuRF1 KO mice (18) . Based on these observations, we hypothesized that MuRF1 might be involved, either directly or indirectly, in changes in the expression of a larger set of specific mRNAs during atrophy. This hypothesis is supported by previous findings that MuRF1 is not only found at the M line where it was first discovered (6) but can also be detected as tagged fusion proteins in cardiac myonuclei (37) and C 2 C 12 myotubes, (13) . In addition, endogenous MuRF1 shows nuclear translocation in a model of skeletal muscle unloading (43) . MuRF1 has been shown to physically interact with known transcription factors in vitro, including SRF (61) , which plays an important role in cardiac and skeletal muscle structural gene expression, and GMEB-1 (29, 37) , which has been implicated in glucocorticoid receptor activity. Finally, nuclear UPS activity is known to be important for transcriptional regulation, by regulated degradation of transcription factor complexes via the classical pathway (17) , as well as via nonproteolytic monoubiquitination or ubiquitin chains modifying the localization and activity of multiple transcription factors (17, 45, 46) . Furthermore, other members of the tripartite motif ring finger protein gene family to which MuRF1 belongs are known to act as direct transcriptional coactivators (e.g., Ref. 22 ).
In an ongoing effort to understand the full range of roles that MuRF1 may play in skeletal muscle structure and function, we explored the possibility that lack of MuRF1 may affect gene expression during muscle atrophy. Our data demonstrate that the expression of a suite of genes clustered into specific functional classes is altered following DEN and DEX treatment and suggests a new role for MuRF1 in mediating muscle atrophy.
MATERIALS AND METHODS
Animal treatments. Four-to six-month-old, female MuRF1Ϫ/Ϫ (KO) and wild-type (WT) littermate mice on a C57/Bl6 background were treated for 3 or 14 days with 3 mg/kg water-soluble DEX in their drinking water (DEX, Sigma) or used as age-and sex-matched control animals for each group (DEX treatment), as previously described (4) . The sciatic nerve was transected in the midthigh to produce DEN of the lower limb as described elsewhere (18) . All animal experiments were carried out in accordance with an approved University of California (UC) Davis Institutional Animal Use and Care Committee protocol.
RNA isolation and microarray analysis. Three separate animals were used for each time point and genotype and processed in parallel as biological triplicates. Additional animals were included for subsequent microarray validation by quantitative PCR. Total RNA from denervated, DEX-treated, or control triceps surae (TS) complexes were prepared by polytron homogenization in Trizol reagent (Invitrogen) according to the manufacturer's recommendation. Prior to labeling, RNA was quantified with a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies), and RNA quality was further assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies). For microarray analysis, RNA isolation and labeling were performed for control, DEX-treated, and denervated TS as described previously (18) . Labeled cRNAs were hybridized to Illumina Mouse BeadChip WG-6 arrays; these arrays contain 46,632 probes representing 34,551 genes, and each probe is represented on the chip ϳ90 times. Several genes had multiple probes, and in these cases we used the averaged signal over all probes. Background signals were subtracted, and we demanded at least one treatment group have an average signal twice that of background (Ͼ150 average signal DEN animals and Ͼ50 average signal DEX animals) and a detection P value Ͻ 0.01. Data was analyzed with Illumina Beadstudio v3.2.3 software, using quantile normalization. An expression difference was called significant if it changed by more than twofold from matched controls and by a two-tailed t-test with a P value Ͻ 0.05. Additional comparisons for selected genes were analyzed by one-way ANOVA with multiple comparisons and Tukey's multiple-comparison tests (GraphPad Prism). Significant, twofold differentially regulated genes were further analyzed by the DAVID algorithm (24) and clustered into Gene Ontology pathways. Microarray data was submitted to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus with the SuperSeries identification GSE44259.
Quantitative real-time PCR. All cDNAs used for RT-PCR assays were made with a Qiagen Quantitech reverse-transcription kit with 1 g of total TS RNA, as described previously (4, 59) . Commercially available Taqman probe sets (Applied Biosystems) were used for MuRF1 (TRIM63, Mm01185221_m1), myogenin (MYOG, Mm00446195_g1), and myosin binding protein C2 (MYBPC2, Mm00525419_m1), with ribosomal protein L22 (RPL22, Mm04213302_s1) as normalizer. Unlabeled primer sets for arrestin domain containing 2 (ARRDC2; forward 5=-GGACATAAACA-CACCTGCCC-3=, reverse 5=-CACGTGTGCAGTACCAGGAT-3=), metallothionein 2 (MT2; forward 5=-ATAGACCATGTAGAAGCCTAGC-CTTT-3=, reverse 5=-GGCTTTTATTGTCAGTTACATGCTTTATAG-3=), collagen 1a1 (COL1A1; forward 5=-AGAGCCTGAGTCAGCAGATT-GAG-3=, reverse 5=-CCAGTACTCTCCGCTCTTCCA-3=), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 5=-CCAGCCTCGTCCCG-TAGAC-3=, 5=-ATGGCAACAATCTCCACTTTGC-3=) were used for SYBR green-based assays. Quantitative PCR was carried out on an Applied Biosystems Prism 7900 HTA FAST machine in a 384-well format at the UC Davis Real-time PCR Research and Diagnostics Core Facility, using serially diluted cDNA as the standard curve.
Semiquantitative RT-PCR of proline-rich nuclear receptor coactivator 2 gene expression and 3=-untranslated region sequencing. All PCR reactions were performed using cDNA made as described above using an Invitrogen PCR kit with the following cycling conditions: 10 min initial denaturation at 94°C, followed by 26 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Primer sets were chosen to amplify regions of the gene in a relatively evenly distributed fashion across 3=-untranslated region (UTR) (set 1 upstream primer 5-CCAAC-CATCTTAAACCCAAAGA-3=, set 1 downstream primer 5=-AAAT-GAGGGGTTGCACATAATC-3=; set 2 upstream primer 5-CTT-GTGCTTAAGTGCCAGAGTG-3=, set 2 downstream primer 5=-TCTTTGGGTTTAAGATGGTTGG-3=; set 3 upstream primer 5-CT-TGTGCTTAAGTGCCAGAGTG-3=, set 3 downstream primer 5=-CAGGGGTGACTTAGGGTTGATA-3=; set 4 upstream primer 5-TGCTTAAGTGCCAGAGTGAATC-3=, set 4 downstream primer 5=-GGGTTGATAAAGCCAAAATGAG-3=). The specific region in the 3=-UTR of the proline-rich nuclear receptor coactivator 2 (PNRC2) gene bracketing the microarray probe was amplified by a 40-cycle reaction using the following primers: upstream primer, 5=-AAGGTTGCACAGTTCAGTTTCA-3=; downstream primer, 5=-CCAGGATCACTTTAGCAGCTT-3=, and purified with a Qiagen QIA-quick PCR purification kit following the manufacturer's instructions. Purified PCR amplicons were then ligated into a Promega pGEM T-easy vector, and subcloned plasmids were purified using a Qiagen Plasmid Mini-Prep kit. Inserts in purified plasmids were sent for sequencing by the UC Davis UCDNA sequencing facility using the common T7 primer. Sequences were compared with reference sequence available from Ensembl and aligned with the BLAST feature of the NCBI database (the sequence used by Illumina to manufacture probes). Each experimental group (WT and MuRF1 KO controls) was examined in triplicate (3 individual mice from each group), and each individual mouse was sequenced twice to verify results. All inserts from a given genotype yielded the same results.
Western blot analysis. Western blot of total TS protein extracts was performed as described previously. Anti-histone deacetylase (HDAC)4 antisera was a kind gift of Tso-Pang Yao (Duke University). Anti-MYOG and GAPDH antibodies were purchased from Santa Cruz and Cell Signaling, respectively.
RESULTS
To investigate whether MuRF1 plays a role in gene expression changes during muscle atrophy, we examined DEN induced by sciatic nerve resection and chronic glucocorticoid treatment with DEX, two extensively studied atrophy models representing muscle inactivity (DEN) and catabolic states (DEX). Previously, we reported microarray results of denervated TS muscles to specifically compare the UPS-associated gene expression profiles of WT and MuRF1 KO mice (18) . Interestingly, the mice showed elevated proteasome activity with reduced markers of autophagy, and protein synthesis rates were unchanged between genotypes. Here, we report an expanded genome-wide analysis and compare the gene expression profiles of DEN-induced atrophy to excess glucocorticoidinduced atrophy in TS muscle. In addition, we compared the response of WT and MuRF1 KO mice to each of these atrophy conditions. Two time points were selected for analyses: 3 days of DEN or DEX treatment, when MuRF1 expression is highly induced in both models, and slight but not significant decreases in wet weights have occurred in both WT and KO mice; and 14 days when significant wet weight loss has occurred in WT mice, and significant sparing of mass is evident in the MuRF1 KO. Figure 1 shows the muscle mass and body weights for DEXtreated animals used in this particular study. We previously demonstrated that DEX treatment induced atrophy that was blunted in MuRF1 KO mice, as was a reduction in protein synthesis, with maintenance of force output (4) . The magnitude of muscle loss was much greater for denervated-vs. DEX-treated muscles; roughly 17% for 14-day DEX-treated TS ( Fig. 1 ) and 41% for denervated WT TS that we reported elsewhere (18) .
Microarray analysis identifies the induced gene expression programs in skeletal muscle after 3 and 14 days of DEN or DEX treatment. To detect differentially regulated genes by DEN or DEX treatment and between WT and MuRF1 KO mice, a genome-wide microarray analysis was performed with mouse Illumina BeadChip arrays. As a positive control, we first examined the expression of MuRF1 since it is known to be upregulated in both conditions and expression should be absent in KO mice. As shown in Fig. 2 , MuRF1 expression is essentially undetectable in KO mice. In agreement with previous results, MuRF1 is induced 2.5-to 3-fold at 3 and 14 days of DEX treatment (4), whereas in denervated TS, MuRF1 expression is induced approximately fourfold at 3 days but returns toward baseline levels by 14 days (5, 49) . This expression pattern was verified by quantitative PCR (Table 1) . One advantage of the Illumina array platform is that it includes a probe for the prokaryotic ␤-galactosidase gene (lacZ, designated as LACOPERON on the array), a gene that was used to replace MuRF1 exons 1-5 in generation of the KO mouse line (5) . As expected, MuRF1 and LacZ expression levels were mirror images of one another (Fig. 2) , and LacZ was significantly induced in both atrophy models. However, unlike MuRF1, LacZ expression remained elevated in MuRF1 KO mice at 14 days after DEN.
Comparison of the gene expression program induced by the two atrophy-inducing conditions revealed that a much larger number of genes was induced by DEN than DEX treatment (Table 2) , consistent with its greater effect on loss of muscle mass over the 14-day period. Further, the fold changes induced by DEN were generally more robust than those induced by DEX-treated muscle. A large number of genes were strongly induced from a very low or undetectable level such as MYOG, embryonic acetylcholine receptor (AchR) subunits (gamma and delta; CHRNG and CHRND), and muscle-specific tyrosine kinase (MUSK), making a "fold induction" determination for these genes only an estimate. Downregulation by DEN was also robust and included FGF signaling pathway components as well as contractile protein and metabolic enzyme genes ( Table 3 ). The somewhat more modest DEX-induced changes reflect a more modulatory effect on muscle gene expression, although strong effects were observed on repression of extracellular matrix components and immune system-related genes ( Table 4 ). As expected, several genes scored as significantly regulated by DEX are known to be glucocorticoid responsive in skeletal muscle or in other tissues and, in some cases, are known to be direct response genes with well characterized glucocorticoid response elements. These genes include lipocalin 2 (LCN2) (21), FK506 binding protein 5 (FKBP5) (55) , and metallothioneins 1 and 2 (MT1, MT2) (26) .
Overall the program of gene expression between the two conditions was fairly divergent; however, the array was able to identify a commonly regulated set of genes, besides MuRF1 and MAFbx, that included FOXO1, EIF4EBP1, ANKRD1 (mCARP), CDKN1A (p21), and TNFRSF12A (TWEAK), genes that have been previously linked to muscle atrophy in various conditions (16, 34, 38, 40, 47, 49, 51) . Furthermore, several proteasome subunits were at least modestly upregulated in both atrophy models. Interestingly, while both conditions showed a modest (DEX) to strong (DEN) suppression of genes involved in glycolysis and oxidative phosphorylation, one of the most highly yet transiently repressed genes in both atrophy conditions was FGFBP1, which is interesting since FGF signaling has been implicated in motor neuron regeneration after injury (60) . Overall, the microarray was successful in detecting genes known to be up-and downregulated in inactivity and catabolic state-induced atrophy, thus enabling us to take the next step in determining whether deletion of MuRF1 resulted in differential gene expression in one or both of the atrophy models. Summary of Illumina microarray analysis of skeletal muscle genes differentially expressed 2-fold or greater, comparing paired sets of non-DEN or untreated controls vs. DEN or DEX-treated animals, at 3d or 14d post-DEN or of treatment, and in WT siblings vs. MuRF1 KO mice. Differential expression was called significant by a 2-tailed t-test if P Ͻ 0.05.
Few genes are differentially expressed in WT vs. MuRF1 KO muscle under resting conditions. To examine a potential role for MuRF1 in gene expression, we first examined the number of differentially regulated genes in mice under untreated, resting conditions. The analysis was limited to genes that averaged at least twofold difference between WT and MuRF1 KO mice across all experimental groups ( Table 5 ). As noted above, MuRF1 was highly enriched in all WT groups. Also as noted, LacZ expression was enriched across the board in all MuRF1 KO animals, as was the neomycin resistance gene (NEOR), a selectable marker and part of the targeting vector The top 10 most highly, significantly upregulated genes (A and B) and downregulated genes (C and D) after 3d (A and C) and 14d (B and D) in denervated (DEN) triceps surae muscle compared with control muscles. Other genes of interest related to muscle atrophy are also listed. Fold induction/ repression column shows fold induction in A and B and fold repression in C and D. NS, not significant. used to generate MuRF1 KO embryonic stem cells. Interestingly, of the relatively small number of differentially regulated genes, the vast majority localized near the MuRF1 gene on the long arm of chromosome 4, either in the same or adjacent cytoband (4qD or 4qE). Semiquantitative PCR, using a set of probes across the coding and noncoding region of the predicted mRNA, was used to verify one gene in particular, PNRC2 that showed one of the highest apparent signal differences between genotypes (Fig. 3) . No clear differences were observed between WT and MuRF1 KO mice after a subsaturating number of amplification cycles, in stark contrast to the 20-to 30-fold difference reported by the microarray. PCR amplification and sequencing of the probe binding region found in the 3=-UTR of PNRC2 from two WT and two MuRF1 KO mice revealed a single base pair polymorphism in the KO-derived cDNA that is not seen in WT-derived cDNA. Thus, one reason that genes in the vicinity of MuRF1 show apparent altered expression may be the presence of polymorphisms in genes that co-segregate with MuRF1 during the several rounds of backcrosses, since the embryonic stem cells used to create the MuRF1 KO are of a different strain (CJ7) than the background (C57/Bl6), as was the BAC targeting vector (129 Sv/J) (5). Currently, we do not know the basis for the higher chromosome 4 localized gene signals in MuRF1 KO mice (Table 5) , nor have we validated the very few genes that show consistent differential signals on the array and are not localized to chromosome 4. To avoid potential artifacts of chromosomal location, regardless of the source, our subsequent screening was focused on genes that 1) did not show significant baseline expression between genotypes and 2) are not located near the MuRF1 locus on chromosome 4. The top 10 most highly, significantly upregulated genes (A and B) and downregulated genes (C and D) after 3d (A and C) and 14 days (B and D) in DEX-treated triceps surae muscle compared with control muscles. Other genes of interest related to muscle atrophy are also listed. Fold induction/repression column shows fold induction in A and B and fold repression in C and D.
MuRF1 KO mice show significantly altered expression patterns after DEN. In contrast to the small number of genes with average signal differences in controls, a much larger number showed more than twofold differences in array signal after DEN, even when we excluded those genes near the MuRF1 locus (Table 6 ). These inferred expression differences mostly fall into three categories of gene expression patterns: category I, genes that show blunted or delayed repression in MuRF1 KO compared with WT at 3 days but are similarly repressed by 14 days; category II, genes that are upregulated similarly in both genotypes at 3 days but return to baseline more quickly in WT mice than in MuRF1 KO mice; and category III, genes that have a significantly greater induction in WT than MuRF1 KO mice at either 3 or 14 days. There were relatively few genes whose signals were repressed to a greater degree in MuRF1 KO than WT mice (category IV) or were induced to a much greater extent (or even exclusively) at 3 days or 3 and 14 days in MuRF1 KO mice (category V).
Examples of category I genes are shown in Fig. 4 . We found certain metabolic enzymes and contractile apparatus genes to be regulated in this manner by using the initial stringent filter, including glycogen phosphorylase kinase ␥-subunit (PHKG1), glycerol-3-phosphate dehydrogenase (GPD1), myosin heavy chain I (MYH1, or MHC IIx), and myosin light chain kinase 2 (MYLK2). Given these findings, we expanded our analysis to include additional genes involved in muscle fuel metabolism and muscle contraction with statistically significant differences in induced signals. For example, muscle-specific enolase (ENO3) and lactate dehydrogenase (LDHA) also showed significantly delayed repression in a pattern essentially identical to PHKG1 and GPD1 (Fig. 4A) . Other genes encoding glycolytic and glycogen metabolism genes (including ␣-and ␤-glycogen phosphorylase kinase subunits) followed the same trend, but differences between WT and MuRF1 KO mice were not significant given the sample size, time point, and genotype (P Ͼ 0.05). We did not observe significant differences in expression of TCA cycle and electron transport chain genes, which were all repressed to a similar degree in both genotypes, at least at the time points chosen for this study. Several genes involved in contractile function, besides MYH1 and MYLK2, also showed delayed repression in MuRF1 KO mice (Fig. 4B ) and included MYH2 (MHC IIa), ACTN2 (␣-actinin 2), and MYH4 (MHC IIb) showed the same pattern in that it was significantly repressed in WT but not MuRF1 KO mice; however, the average signal difference in DEN WT vs. MuRF1 KO mice was not significant. All of these genes are repressed in MuRF1 KO mice at least as well as in WT mice by 14 days, similar to the metabolic enzymes shown in Fig. 4A (not shown), with the possible exception of MYBPC2, which Genes significantly differentially expressed on average Ͼ2-fold across all control groups used in this study are listed. Genes whose average array signals were higher in MuRF1 KO mice are shown at top; genes whose average signals were higher in WT mice are shown at bottom. Boldfaced genes are localized near MuRF1 on chromosome 4 (cytoband for each gene is listed). Chromosomal location for the LACOPERON and NEOR genes are denoted as 4qD3 (in parentheses) since these genes were knocked into the MuRF1 locus in generation of the KO mouse line.
showed a high degree of variability on the microarray at 14 days, but blunted repression was confirmed by qPCR ( Table 1) .
The second pattern of gene expression where signals are higher in MuRF1 KO than WT mice (category II) includes two metallothionein genes (MT1 and MT2), FBXO32 (MAFbx), and GLUL (glutamine synthase), among several others. The maintained expression of MAFbx at 14 days was noted earlier and is a pattern also followed by a number of proteasome subunits (18) and consistent with elevated proteasome activity at that time point despite the significant sparing observed in MuRF1 KO mice.
Category III genes are upregulated in WT mice as well, but in this case upregulation is blunted in MuRF1 KO mice. While some differences are clear at 3 days post-DEN such as the deubiquitinating enzyme UCHL1, the majority of genes in this category show similar upregulation between WT and KO mice early on, but while induction continues to rise in WT it is blunted in the KO at the later time point. A particularly striking group of genes in this category are associated with the neuromuscular junction (NMJ) including the embryonic AchR subunits ␦ and ␥ and MUSK, which show very low expression in innervated muscle (Fig. 5) . Thus, we examined the expression of other NMJ-associated genes and found that while agrin expression was not significantly different between genotypes, its co-receptor LRP4 (and MUSK activator) (27, 65) showed blunted upregulation in MuRF1 KO mice, again significantly at 14 days after DEN.
A series of recent findings has implicated an HDAC4-MYOG pathway in the upregulation of AchR subunits after DEN (12, 53, 54) , as well as MuRF1 and MAFbx (41) . In addition, HDAC4 has been implicated in DEN-induced repression of metabolic enzyme and contractile genes via inhibition of MEF2 activity (11, 54) . Interestingly, the microarray data reveal that HDAC4 expression showed a similar pattern as category III genes (Fig. 6A) . Although MYOG expression was strongly upregulated by DEN as well, mRNA levels as detected by the array and qPCR were not significantly different between genotypes (Fig. 6A, Table 1 ). We next performed Western blot analysis to examine HDAC4 and MYOG protein levels, and in both cases, protein expression increased as the result of DEN, but the induced levels were significantly lower in MuRF1 KO vs. WT mice at both 3 and 14 days (Fig. 6, B  and C) .
MuRF1 KO mice show significantly altered expression patterns after DEX treatment. Compared with differences in DEN-induced gene expression programs, there were fewer differences in DEX-induced gene expression patterns between genotypes; for instance no genes outside of the region surrounding the MuRF1 gene on chromosome 4 were expressed at higher levels in MuRF1 KO mice than WT mice after 14 days of DEX treatment. Nevertheless, certain genes involved in signal transduction and fat metabolism were differentially regulated, with the most common pattern being a stronger induction in WT mice than MuRF1 KO mice that is most evident at 14 days (Table 7) . One of the most differentially regulated genes is ARRDC2 (arrestin domain containing 2), whose induction by DEX is essentially blocked in MuRF1 KO mice at both 3 and 14 days of treatment, which was verified by qPCR (Fig. 7A, Table 1 ). In addition, the expression of two other important genes linked to muscle atrophy and insulin signaling, PIK3R1 (the p85 regulatory subunit of PI3 kinase) and FOXO1 (forkhead class O1 transcription factor), was strongly blunted after 14 days of DEX treatment in the MuRF1 KO when muscle sparing was evident (Fig. 7A) . The FOXO1 expression pattern detected by the microarray was consistent with our previous report of reduced FOXO1 mRNA and protein induction following DEX treatment in MuRF1 KO mice (4). Another strikingly differentially regulated gene is PNPLA3, or adiponutrin, which is linked to nonalcoholic fatty liver disease (15) (Fig. 7B) . PNPLA3 is considered a lipogenic gene by increasing triglyceride synthesis in liver and adipose tissue although its role in skeletal muscle is uncertain. DEPP, a gene induced by progesterone in the uterus, is also highly expressed in white adipose tissue and inversely regulated by insulin and fasting (31) . Therefore, we looked for additional genes involved in lipogenesis that Fig. 3 . Apparent differential expression of proline-rich nuclear receptor coactivator 2 (PNRC2) by Illumina microarray is likely due to an artifact generated by polymorphisms in the region of the gene encoding the 3=-untranslated region (UTR) of the mRNA. A: gel of semiquantitative PCR to detect PNRC2 expression in WT and KO triceps surae, using primer sets designed to correspond to different regions of the 3=-UTR of the PNRC2 mRNA. B: representative of an alignment of sequenced amplicon from PNRC2 cDNA, from 1 of 3 WT animals vs. the GenBank-deposited Mus musculus PNRC2 gene. Samples from all 3 animals and 2 separate PCR reactions per animal yielded identical sequences to the example shown here. C: representative of an alignment of sequenced amplicon from PNRC2 cDNA, from 1 of 3 MuRF1 KO animals vs. the GenBank-deposited M. musculus PNRC2 gene. Samples from all 3 animals and 2 separate PCR reactions per animal yielded identical sequences to the example shown here. Boxed areas show 4 single base differences between the PNRC2 amplicon generated from MuRF1 KO animals and the GenBank sequence based on the C57/Bl6 genome. Arrows, up-and downstream PCR primer sites; over and underlined region, Illumina microarray PNRC2 probe site. Continued might be significantly differentially regulated between genotypes but did not pass our original stringent filter. Two additional examples of genes that showed blunted induction following DEX in the MuRF1 KO mice were a proadipogenic transcription factor, C/EBP␣ and a perilipin family member involved in lipid droplet formation (S3-12) (Fig. 7B) .
DISCUSSION
While the importance of MuRF1 in mediating skeletal muscle atrophy under divergent conditions has been established, the molecular mechanisms by which MuRF1 acts during atrophy are still not completely understood. Unequivocal determination of MuRF1 function will ultimately depend on careful examination of its potential role in an array of cellular processes, including the regulation of gene expression. In this study, we demonstrate that in the absence of MuRF1, specific sets of genes clearly show differential expression patterns upon DEN or exogenous glucocorticoid treatment. Upon DEN, MuRF1 appears to be particularly involved in full activity of the proposed HDAC4-mediated pathways of metabolic and contractile gene repression and induction of neuromuscular junction components via MYOG. The role of MuRF1 in DEX-induced gene expression is less conclusive, given the smaller number of significantly induced or repressed genes overall; nevertheless, certain genes were differentially expressed, including genes linked to muscle atrophy, cell signaling, and fat metabolism. A schematic summarizing the role of MuRF1 in gene expression pathways induced by DEN or DEX treatment is presented in Fig. 8 .
A small number of genes show differential signals on the array between untreated WT and MuRF1 KO mice, and the majority of these genes cluster near the MuRF1 locus on chromosome 4. Somewhat surprisingly, there were very few genes differentially expressed in control muscle, given the A: genes whose average signal is significantly higher in MuRF1 KO mice after 3d of DEN. B: genes whose average signal is significantly higher in WT mice after 3d of DEN. C: genes whose average signal is significantly higher in MuRF1 KO mice after 14d of denervation. D: genes whose average signal is significantly higher in WT mice after 14d of DEN. Genes localized near MuRF1 on chromosome 4 are excluded from analysis, and only genes up (U)-or downregulated (D) by DEN are included. Category I genes show delayed repression in MuRF1 KO mice but are equally repressed in both genotypes at 14d; category II genes are upregulated at 3d in both genotypes but remain elevated in MuRF1 KO mice at 14d; category III genes are upregulated to a lesser extent in MuRF1 KO mice than in WT mice; category IV genes are downregulated to a greater extent in MuRF1 KO mice at either 3d or 14d; category V genes are upregulated to a greater extent in MuRF1 KO mice at 3d or both 3d and 14d.
slight but significantly larger muscle masses in MuRF1 KO mice. The majority of the genes that showed significant differential expression were clustered near the MuRF1 locus on chromosome 4. Other studies have reported a "neighbor effect" of the KO locus on surrounding gene expression (50, 56) , and in some cases this has been linked to insertion of the PGKneomycin resistance gene cassette (52) that was used to generate the MuRF1 KO mice. We reasoned that an alternative Fig. 4 . Examples of delayed downregulation of metabolic and structural/contractile genes in MuRF1 KO mice after DEN. Results for 3 and 14 days post-DEN for metabolic enzymes are shown in A, only results for 3 days post-DEN for structural/contractile genes are shown in B. White bars, controls; black bars, DEN or DEX treated. #Significantly different from between groups, P Ͻ 0.05; *Different from controls in same group, P Ͻ 0.05. PHKG1, glycogen phosphorylase gamma1 subunit; GPD1, glycerol 3-phosphate dehydrogenase 1 (soluble); ENO3, muscle-specific enolase; LDHA, lactate dehydrogenase A; MYH1, myosin heavy chain IIx; MYH2, myosin heavy chain IIa; MYH4, myosin heavy chain IIb; MYLK2, myosin light chain kinase 2; MYBPC2, myosin binding protein C2 (skeletal muscle); ACTN2, ␣-actinin2. possibility was that the apparent array signal differences might be an artifact of the way the microarray is designed, rather than reflecting real mRNA level differences. Despite several generations of backcrossing, since the MuRF1 KO locus is selected for at each round, ES cell genomic DNA flanking the knocked-in LacZ and PGK-neo construct at the MuRF1 locus will be carried along and may have single nucleotide polymorphisms that could alter probe binding kinetics that were designed based on the C57/Bl6 genome. Our prediction was that this would be most apparent when probes are located in the noncoding regions of target genes. We carefully examined one gene with a large apparent expression difference, PNRC2, and indeed, a cluster of base pair changes was found in the 3=-UTR of the PNRC2 locus from KO animals, including one in the probe binding site. While actual expression changes in genes surrounding the KO locus may occur, our results with PNRC2 provide an alternative explanation for such interpretations using arrays with a single or small number of probes. RNA-seq technology may alleviate the technical aspects of this issue (58) , but true expression differences due to the neighbor effect must be accounted for in interpretation of knockout phenotypes.
The low number of differentially detected genes in WT vs. MuRF1 KO control animals may also be the result of a fairly stringent filter used to reduce false positives, since the effect in an unchallenged animal may be fairly subtle and cumulative. Consistent with our findings, however, studies using overexpressed MuRF1 in the heart and skeletal muscle revealed a relatively small number of gene expression changes and of only modest fold inductions (23, 62) . Many of these changes were related to glucose and fatty acid metabolism, rather than muscle atrophy. It is interesting to note that the most highly induced gene in skeletal muscle in the MuRF1 transgenic mouse was cytosolic GPD1 (23), a key gene in both triglyceride synthesis and the glycerol 3-phosphate shuttle. In the MuRF1 KO, cytosolic GPD1 was one of those genes that showed significantly delayed repression after DEN.
Mice lacking MuRF1 show delayed repression of metabolic and structural genes and blunted upregulation of genes associated with the neuromuscular junction after DEN, which correlates with blunted HDAC4 upregulation in these mice. The major role of MuRF1 in gene expression was only revealed during a challenge, such as after DEN or DEX treatment. Three common patterns of differential gene expression were observed between WT and MuRF1 KO mice in response to DEN. The first, which we designated category I, showed delayed repression in MuRF1 KO mice. This category includes metabolic enzymes involved in glycolysis, glycogen metabolism, and GPD1 (at the interface of glucose and fatty acid metabolism). In contrast, genes involved in oxidative metabolism, such as TCA cycle and electron transport chain components, were equally suppressed in both genotypes (not shown). MHCs IIx and IIb (and to a lesser extent IIa) also showed delayed repression in MuRF1 KO mice, along with other genes associated with the myofilaments such as MYBPC2, MYLK2, and ␣2 actinin. Cardiac myosin binding protein C protein (MYBPC3) was previously shown to directly interact with MuRF1 (39), and MyBPC3 levels are elevated in MuRF1 KO mice and reduced in cardiac-specific MuRF1 transgenic mice, without affecting MyBPC3 mRNA levels. Although the skeletal muscle isoform has not been reported to interact physically with MuRF1, repression of MyBPC2 mRNA levels is clearly inhibited in MuRF1 KO mice at both 3 and 14 days after DEN.
A common link with many of the genes in this category is that they are known targets of MEF2c, a transcription factor modulated by innervation state of muscle and by activity. Upon DEN, the class IIA HDAC4 translocates from the neuromuscular junction into adjacent myonuclei (12) and is thought to alter transcription of specific target genes via interaction with and inhibition of the activity of transcription factors such as MEF2c. siRNA against HDAC4 results in inhibition of DENinduced repression of many of the same metabolic and contractile protein genes that are affected by the absence of MuRF1 shown here (11, 54) , but with less effect on oxidative metabolic genes which are also not affected by the loss of MuRF1. Anaerobic and aerobic metabolism and force production are strongly suppressed in denervated muscle fibers (20) ; in the absence of MuRF1, delayed repression of MHC genes with maintained MYBPC2 and MYLK2 expression may yield elevated force production in denervated MuRF1 KO mice relative to their WT counterparts, a possibility that remains to be confirmed in the time frame of used these experiments. Interestingly, in C2C12 myotubes, HDAC4 knockdown results in elevated pyruvate production (54) ; thus MuRF1 KO mice may be able to maintain a higher rate of glycolysis relative to WT denervated muscles.
Another proposed consequence of increased HDAC4 activity upon DEN is the upregulation of MYOG and subsequent upregulation of genes associated with the neuromuscular junction on one hand (11, 12, 53, 54) and MuRF1 and MAFbx on the other (41) . An important category of MuRF1 affected genes are those that are upregulated similarly in both genotypes at 3 days but are blunted at 14 days in MURF1 KO mice (category III). A set of genes with this profile encodes components of the neuromuscular junction, including embryonic AchR subunits (␦ and ␥), the agrin co-receptor LRP4, and MUSK. DEN induced upregulation of AchR-␦ and -␥, as well as MUSK, is inhibited by HDAC4 siRNA (53) . The embryonic MHC isoform, MYH3, also depends on HDAC4 and MuRF1 for full upregulation, and its upregulation was blunted in the MuRF1 KO mice. Given these possible links to HDAC4, it was gratifying to observe that the HDAC4 mRNA profile falls squarely into the same category as these category III genes. Although the difference between WT and MuRF1 KO animals is significant, it is not as dramatic as observed for AchR-␦ and -␥ genes for example. Interestingly, the protein levels of HDAC4 were significantly reduced in MuRF1 KO mice at both 3 and 14 days, providing a possible explanation for the observed effect at 3 days on MEF2c-dependent genes; yet these HDAC4 levels must still be sufficient to eventually support full repression of this class of genes by 14 days. Likewise, a reduced level of HDAC4 at 3 days is still enough to support the initial induction of class III genes yet only to a point where the full HDAC4 complement must be attained for full activation of these genes by 14 days. It was also interesting to note that MYOG protein levels were significantly different at 3 and 14 days, whereas the induced mRNA levels were very similar between genotypes. Again, this reduced level of protein must be sufficient for at least the early stages of the response of NMJ associated genes to DEN but not for full expression.
A recently reported alternative pathway for HDAC4-mediated gene expression changes in skeletal muscle occurs via deacetylation and activation of MEKK2 (8), a key component of MAP3 kinase signaling. Elevated MEKK2 leads to induction of AP-1 components (c-jun and c-fos), and increased AP-1 activity may also participate in MuRF1 and MAFbx induction. Besides genes associated with the NMJ, another major cluster of differentially regulated genes between WT and MuRF1 KO mice is linked to phosphorylation cascades, either as adaptor proteins or kinases/phosphatases. For example, while MAP kinases were not differentially expressed, the induction of the dual-specificity phosphatases DUSP4 and DUPD1 was much lower in MURF1 KO mice upon DEN. Both of these phosphatases have been reported to inhibit MAP kinase activity (14) , and DUSP4 inhibits cardiac hypertrophy (2) . An additional phosphatase, DUSP18, is repressed more robustly in MuRF1 KO mice but may target SAP/JNK and not p38 MAP kinasemediated signaling (64) . One possible function of strong DUSP4/DUPD1 upregulation during DEN may be to limit MEKK2-induced associated gene expression, since the proposed AP-1 targets MAFbx and the MuRF1 locus (monitored by LacZ expression) remain elevated at 14 days in MuRF1 KO mice. This was a pattern followed by other genes previously linked to atrophy such as MT1 and MT2, glutamine synthetase, and several proteasome subunits (18) , despite the significant muscle sparing observed at that time point. In any case, defining the precise interplay among MuRF1, HDAC4, and MAP kinase signaling pathways, vs. MEF2c and MYOGmediated pathways, in the timing and extent of muscle atrophy in different conditions will be an important area of further study. A: genes whose average signal is significantly higher in MuRF1 KO mice after 3d of DEX treatment. B: genes whose average signal is significantly higher in WT mice after 3d of DEX treatment. C: genes whose average signal is significantly higher in MuRF1 KO mice after 14d of DEX treatment. Genes localized near MuRF1 on chromosome 4 are excluded from analysis, and only genes up-or downregulated by DEX treatment are included. Category I genes show delayed repression in MuRF1 KO mice but are equally repressed in both genotypes at 14d; category II genes are upregulated at 3d in both genotypes but remain elevated in MuRF1 KO mice at 14d; category III genes are upregulated to a lesser extent in MuRF1 KO mice than in WT mice; category IV genes are downregulated to a greater extent in MuRF1 KO mice at either 3d or 14d; category V gene are upregulated to a greater extent in MuRF1 KO mice at 3d or both 3d and 14d.
Since HDAC4 is a candidate factor mediating the effects of MuRF1 on gene expression during DEN, as we are suggesting, how might MuRF1 affect HDAC4 expression and activity, particularly at the protein rather than transcriptional level? HDAC4 levels, like many regulatory proteins, are controlled by targeted degradation by the UPS (7) or other forms of proteolytic processing such as protein kinase A-dependent (3) or caspase activation (36) . Although a specific E3 ligase has not been identified for HDAC4 polyubiquitination, MuRF1 has not been reported to date as an HDAC4 E3 ligase, and in any case, induced HDAC4 levels are lower, not higher, in MuRF1 KO mice. HDAC4 protein levels have also been shown to be controlled by various factors, including the miRNAs miR1, miR-206 (60), and miR-29, which themselves are subject to regulation by signals such as innervation state and transforming growth factor-␤, among others (63) . Finally, HDAC4 depends on sumoylation for nuclear import by the nuclear pore localized small ubiquitin-related modifier (SUMO) E3 ligase RanBP2 (28) . Interestingly, Ubc9, a SUMO E2 ligase, and SUMO-3 (13) were among the first interacting proteins identified for MuRF1. The interplay between MuRF1 and sumoylation has not been fully explored but may play an important role in protein trafficking and activity of transcription factors and beyond. Lastly, MuRF1 may also play an indirect role in HDAC4 activity through its recently described effects on the disassembly of AchR complexes at the NMJ upon DEN (48) . MuRF1 was shown to be present at the NMJ after DEN, an interesting finding given participation in the innervation state of muscle leading to altered HDAC4 levels and downstream signaling. Whether MuRF1 interacts with HDAC4 at the NMJ or otherwise indirectly promotes HDAC4 release for translocation and induction of downstream gene expression will be an interesting next step to investigate. It is also possible that MuRF1 potentiation of HDAC4 activity is part of a feedforward process as the muscle continues to be deprived of motor neuron-mediated signaling.
Genes involved in lipid metabolism and signal transduction show blunted upregulation in MuRF1 KO mice treated with DEX. By comparison, we also examined the effect of an MuRF1 gene deletion on the gene expression program induced by excess synthetic glucocorticoids (DEX). Our overall microarray results revealed numerous overlapping regulated genes with previous studies on glucocorticoid-induced gene expression in vivo (with prednisolone) (1) or in vitro (C 2 C 12 myotubes) (30, 33) . While fewer DEX-responsive genes than DEN-responsive genes were altered in MuRF1 KO mice, two important genes linked to muscle atrophy and insulin signaling, PI 3 kinase p85 regulatory subunit (PI3KR1) and FOXO1, showed significantly reduced levels at 14 days in MuRF1 KO mice, the latter at the protein level as well. Altering the ratio of the catalytic p110 subunit vs. the regulatory p85 subunit by glucocorticoids has been linked to inhibition of insulin and IGF-1 signaling, inhibition of Akt, and activation of FOXO transcription factors leading to induction of MuRF1 and muscle atrophy (30) . Full induction of MuRF1 expression by DEX in vitro relies on the interaction of FOXO1 and the glucocorticoid receptor (57) . However, other genes involved in DEXinduced atrophy that were not readily apparent from the microarray data may be affected by blunted activation of the PI3 kinase p85-FOXO1 pathway and thus may contribute the muscle sparing in MuRF1 KO mice.
In addition to PI3KR1 and FOXO1, another set of differentially regulated genes suggested that fat metabolism in muscle may be altered in DEX-treated MuRF1 KO mice. PNPLA3 (also known as adiponutrin) has been strongly implicated as a major genetic factor in development of nonalcoholic fatty liver disease (15) , which is characterized by inappropriate lipid storage and whole body metabolic derangements. PNPLA family members possess triglyceride hydrolase activity in vitro but have recently been proposed to play a role in remodeling of stored triglycerides in lipid droplets as they accumulate in response to feeding (35) . When we examined additional genes linked to lipid metabolism, upregulation of the proadipogenic transcription factor C/EBP-␣ and the lipid droplet structural protein S3-13 was blunted in MuRF1 KO mice.
Like several genes affected by the lack of MuRF1, in both DEN and DEX treatment regimens, those linked to fat metabolism are mostly upregulated after 14 days in WT animals where differences due to genotype become apparent, indicating that an effect of MuRF1 may be indirect. For example, DEX may be promoting intermyocellular fat accumulation, which is inhibited in the MuRF1 KO by the lack of myofiber atrophy. DEX treatment has been reported to have a strong potentiating effect on high fat diet-induced alterations in lipid metabolism and the accumulation of intramyocellular lipid droplets in mice, which have been linked to development of insulin resistance (19) . Further studies on the metabolic alterations in DEX-treated MuRF1 KO mice, perhaps in conjunction with a high-fat diet, will be important follow-up experiments based on our array results.
Of the differentially DEX-induced genes, ARRDC2 upregulation was most striking in that it was almost completely blocked in the MuRF1 KO animals at both 3 and 14 days. While less is known about ARRDC2, another member of this novel ␣-arrestin domain family, ARRDC3, has been recently implicated in obesity and control of whole body energy expenditure (44) . Furthermore, ARRDC3 and other ARRDC family members function as inhibitors of ␤-adrenergic signaling via their actions as adaptors for E3 ubiquitin ligases that internalize ␤2-adrenergic receptors for turnover by lysosomal degradation (42, 44) . To our knowledge, this is the first description of an ARRDC family member as glucocorticoid responsive in any tissue, and may be an important new class of genes mediating glucocorticoid effects on metabolism and adrenergic receptor signaling. expression leading to increased MYOG expression, which then at least partly induces MuRF1. In turn, MuRF1 expression is necessary to support maximal HDAC4 and MYOG expression. Blunted HDAC4 expression in MuRF1 KO mice may result in decreased inhibition of MEF2c and its downstream contractile protein and metabolic enzyme gene targets. Blunted MYOG induction in MuRF1 KO mice may also lead to the subsequent blunted induction of genes linked to the neuromuscular junction, such as embryonic acetylcholine receptor subunits. Denervation also induces FOXO transcription factor expression that in parallel regulate MuRF1; unlike the HDAC4/MYOG pathway, FOXO induction appears to be independent of MuRF1 expression in this context. B: DEX-induced gene expression. DEX binding to the glucocorticoid receptor (GR) suppresses the activity of AP-1 that regulates genes encoding extracellular matrix (ECM) components like specific collagens, but in a MuRF1-independent manner. DEX-bound GRs also directly induce MuRF1 and FOXO transcription factors, which also target MuRF1; in turn MuRF1 is required for sustained DEX-induced FOXO (specifically FOXO1) expression. In addition, MuRF1 is required for full induction of specific genes encoding key cell signaling proteins such as the alpha regulatory subunit of phosphatidylinositol 3-kinase (PIK3R1) or enzymes involved in fat storage or metabolism, such as patatin-like phospholipase domain-containing protein 3 (PNPLA3, or adiponutrin). Induction of other direct GR target genes like FK506 binding protein 5 and the metallothionein 1 and 2 genes is unaffected by MuRF1 in this context, which is not shown in the schematic. COL1A2 and COL15A1, collagen 1A2 and collagen 15A1, respectively. Lines with arrowheads, activation of gene expression or transcription factor activity; lines with blunted ends, inhibition of gene expression or transcription factor activity. Factors in parentheses (MEF2c, AP-1) were not directly assayed for the influence of MuRF1 after DEN or DEX treatment.
In conclusion, we have demonstrated that MuRF1 KO mice show significantly altered patterns of gene expression in response to two different muscle atrophy-inducing conditions. These genes encode important metabolic, structural, and signaling pathway genes linked to muscle structure and function, as well as specific metabolic and structural changes that accompany muscle atrophy. These results suggest a new role for MuRF1 in the control of gene expression, in addition to its other proposed roles in targeted protein degradation and control of global protein synthesis. While there may be a direct effect of MuRF1 on specific transcription factors, altered gene expression may result from indirect effects of the lack of MuRF1 as well. Determining the full spectrum of the actions MuRF1 on skeletal muscle structure and function will be critical to design therapies to ameliorate the debilitating effects of muscle loss with inactivity, cachexia, and aging and to fully understand the remarkable cell biology of adult muscle plasticity at posttranslational, translational, and transcriptional levels.
